ABSTRACT: Orbital Mediated Tunneling Spectroscopy OMTS (elastic electron tunneling) was employed in measuring electron affinity levels (EA) of unsubstituted, alkylated, sulfonated, and metalated phthalocyanines (Pc) adsorbed as single molecules or aggregates on metal substrates and imbedded in metal-insulator-metal (M-I-M) devices. MPc complexes were vapor deposited, solution phase doped, or transferred as Langmuir-Blodgett films. It was determined that while the nature of the substituents has a large effect on the gas phase electron affinities, they play a minimal role on the electron affinities of metal supported phthalocyanines. Moreover, the orientation of monolayer films and the method of film deposition (vapor, solution, Langmuir-Blodgett) also appear to play only a minor role in determining the electron affinities. Electrochemical reduction potentials obtained for the solution phase molecular systems are compared to the OMTS data and a strong correlation is observed. In contrast, the predicted EA values for the gas phase molecules show little correspondence with their OMTS equivalents for adsorbed phthalocyanines. Inelastic scattering from phthalocyanine p�p* transitions and metal centered d-d transitions are observed for chromophores imbedded in tunnel diodes. Both the observed lowest spin forbidden transitions and the calculated gas phase HOMO-LUMO gaps are only weakly affected by Pc substitution and surface orientation.
INTRODUCTION
Phthalocyanines (Pc) are a chemically versatile group of organic semiconductors that have been successfully employed as electroactive elements in a number of electronic devices including advanced photovoltaics [1, 2] , sensors [3] , field-effect transistors [4] , nonlinear optics [5] , optical data storage [6] , and electrochromic displays [7] . The optoelectronic properties of the Pc systems can be manipulated by incorporating different metal ions in their cavity and covalent attachment of diverse functional side groups [8, 9] . Furthermore, Pc macrocycles are also known to self-aggregate by forming complex supramolecular assemblies having physical, chemical, electrical, and optical properties different from the discrete molecular units [10] [11] [12] . Once these molecular materials are deposited onto an electrode surface (via physisorption or chemisorption) a significant redistribution of electron density in either the molecule/ aggregate system or at the adsorbate/electrode interface may result, significantly altering device performance [13, 14] . Thus, the knowledge of oxidation and reduction states, the location of the conduction bands, and the bias dependence and mechanism of electrochemical processes of the Pc adsorbates at the substrate interface becomes a crucial prerequisite for their use in electronic devices.
The measurement of oxidation states or ionization potentials (IP) of Pc adsorbates is usually accomplished by employing ultraviolet photoelectron spectroscopy, UPS [15] [16] [17] [18] . While inverse photoemission spectroscopy, IPS, has been successfully applied to the electron affinity (EA) levels (reduction states) of metals and inorganic semiconductors chemisorbed on metal surfaces, applications to large molecular systems such as phthalocyanines have been few [16, 19, 20] . One reason for this scarcity of applications is that most organic compounds cannot survive the experiment; only a few minutes of electron beam exposure (at currents required to generate usable signals) is sufficient to destroy most organic compounds. The most commonly used measure of electron affinities of phthalocyanines is the half-wave reduction potential measured in nonaqueous solvents, E 1/2 [21] [22] [23] . Given the solvent dependence of some of these potentials, and the importance of coordination state of the metal ion in the Pc complexes, these estimates easily can be off by 1 eV. A more recent and more appropriate spectroscopic method for easily and rapidly determining ionization and affinity states of adsorbed species and thin films is orbital mediated tunneling spectroscopy, OMTS [24] [25] [26] [27] . OMTS measures elastic tunneling events that utilize molecular orbitals.
OMTS work has been performed on metal-insulatoradsorbate-metal (M-I-S-M') tunnel diodes typically used for inelastic electron tunneling spectroscopy (IETS) and in the scanning tunneling microscope, STM, environment [24] [25] [26] [27] . In either configuration, the basic physics is essentially the same, although oxide or solvent chemistry may complicate the analysis relative to vacuum STM work.
In this work, we present measurements of the unoccupied molecular orbital energies of different phthalocyanines using OMTS. Unsubstituted, alkylated, and sulfonated phthalocyanines ( Fig. 1 ) adsorbed as single molecules or aggregates on gold substrates and imbedded in aluminum-aluminum oxide-lead (Al-AlO x -Pb) devices are employed. We determine the energy of the unoccupied orbitals of the Pc derivatives as a function of molecular structure, aggregation type, and the influence of interface dipoles. The electron affinities of the phthalocyanines obtained from the tunneling spectra are compared with their LUMO energies in the gas phase (calculated) and the electrochemical potentials acquired from solution phase measurements.
EXPERIMENTAL Materials
Copper(II) 2,3,9,10,16,17,23,24-octabuloxyphthalocyanine, pCuPc(OBu) 8 , was prepared using the synthetic method reported elsewhere [28, 29] . The compound was recrystallized from THF and ethanol prior to use. The phthalocyanine tetrasulfonic acid, TSPc, was purchased from Frontier Scientific and CoTSPc, CuTSPc and ZnTSPc were obtained from Sigma Aldrich. All TSPc complexes were used without further purification or separation of regioisomers. Gold metal, 99.999% pure, was acquired from Cerac. All metal phthalocyanines (MPc: CoPc, CuPc and ZnPc) were purchased as highpurity compounds from Sigma Aldrich. Because most of the impurities have a higher vapor pressure than the MPc, all the compounds were twice presublimed and then sublimed before use. All metals used were >99.99% purity. The metals used in tunnel diodes were resistively deposited from W wire (Al) or from Mo boats (Pb). All solvents used were either reagent or spectroscopic grade and were acquired either from Sigma-Aldrich or from J.T. Baker. Millipore water (18 MW) was degassed by boiling for 1 h. Corning microscope slides were cleaned in a HNO 3 /H 2 O 2 bath, and stored in high purity water until use. Mica strips (1 × 3 in and 1 × 4 cm) were purchased from Ted Pella and were freshly cleaved before use.
Preparation of (Al-AlO x -MPc-Pb) tunnel diodes
The fabrication of tunnel diodes was accomplished as follows. Typically, 100 nm of aluminum was deposited on each of three corning glass microscope slides at a pressure of <6 × 10 -7 Torr. Oxygen gas (90 milliTorr) was admitted, and a plasma was created with a 400 V ac discharge. Three sequential oxidations of this type gave a total oxidation time of 15 min to 18 min. The vacuum system was then opened, and the substrates were placed over a tray of distilled water (in the vapor) for an additional period of 2 h. This extreme oxidation process was required to obtain junctions with an oxide thickness of about 2 nm that can reliably withstand several volts of bias. Once the oxide growth was completed, the molecules of interest were deposited onto the native aluminum oxide surface. All devices were completed by evaporating 100-150 nm of Pb at ~5 × 10 -7 Torr. Phthalocyanines were incorporated into the diode structures by one of three methods. MPc complexes were either vapor deposited onto the oxide layer, spindoped from DMSO solution, or transferred as LangmuirBlodgett films. The unsubstituted MPc complexes were 8 were prepared and transferred onto the AlO x surface by a procedure outlined below.
Langmuir-Blodgett film preparation
The pCuPc(OBu) 8 LB layer was prepared using the KSV 5000 LB double trough system by a procedure described earlier [28, 29] . Aliquots (200-900 mL) of 1 × 10 -4 M to 2 × 10 -4 M solution of the complex dissolved in chloroform were spread on a MilliPore purified water subphase typically kept at approximately 20 °C. The Pc layer was allowed to stabilize for several minutes and was then compressed at a barrier speed of 20 mm/min until the desired surface pressure of 15 mN/m was reached. The molecular monolayer of Pc was transferred via Z-type deposition onto freshly oxidized aluminum substrates. The dipping speed was 10 mm/min and the transfer ratios ranged between 1.0 and 1.10. The films were allowed to dry for 10 min under vacuum and 2 min under a stream of compressed, filtered air. These substrates were then transferred to the vacuum system described above and the Pb counter electrodes were deposited.
AFM imaging
A monolayer of pCuPc(OR) 8 LB film was prepared on freshly cleaved mica substrates. Cobalt, copper, and zinc tetrasulfonyl phthalocyanines in DMSO at 10 -4 M concentrations were also deposited on mica. The specimen were then mounted on a metal disk with double-stick tape and placed on the top of the scanner tube. The LB samples were always set in such a way that the fast scan direction and the dipping direction were the same. A Nanoscope IIIA multimode microscope from Digital Instruments, DI, was employed. All micrographs were acquired in tapping mode with commercial silicon tips having a diameter of 5-10 nm. The cantilevers had a length of 127 mm and a force constant of the order of 50 N/m. The setpoint varied between 1.85 and 2.75 V and the resonance frequency of the cantilevers varied between 260-340 kHz.
STM based OMTS
Au(111)/mica substrates prepared in-house [30, 31] were used. The TSPc samples were deposited on Au(111) as follows. A 10 mM TSPc aqueous solution at pH = 0 was prepared using HCl for acidification. The pH value was confirmed by direct measurement. A 10 mL aliquot was dropped directly onto the substrate, allowed to remain for approximately 10 min, and then spun dry for 30 sec at 4400 rpm. Samples were stored in a desiccator before using. Imaging experiments of TSPc on Au(111) were performed in a UHV temperature controlled environment. The samples were transferred via air-lock into the UHV STM chamber (working pressure <1 × 10 -10 Torr) where the TSPc aggregate samples were heated to 100-130°C for a period of 3 min or more in order to remove HCl and water.
The STM and controller were purchased from RHK technology and both constant current images and I-V data were acquired with this system. Unless otherwise stated, the images were plane-fit and low-pass filtered. The data were acquired at 19 °C. Both etched W and Pt 0.8 Ir 0.2 tips were used. Generally, the tips required a cleaning step (Argon ion sputtering) in order to produce high quality I(V) curves on a clean gold surface. Spectroscopy was performed by using the RHK software to measure current as a function of sample bias voltage, I(V), at fixed tipsample separation (feedback off). Multiple curves were acquired at each setting and then averaged. dI/dV curves were obtained as a numerical derivative of the average I(V). Orbital mediated tunneling spectra, OMTS, (dI/ dV at fixed height) were measured on well-defined TSPc aggregates on Au(111).
Diode based IETS and OMTS
All diode based tunneling spectra were acquired from Al-AlOx-Pb junctions measured in constant resolution mode. That is, they are normalized tunneling intensities (NTI), (dI 2 /dV 2 )/(dI/dV). A modulation voltage of 8-25 mV (rms) was used in collecting spectra. When several spectra are displayed on the same scale, they have either been acquired at the same modulation level or the intensities have been corrected by scaling. Each reported spectrum is the sum of from 16 to 100 repeated scans. In certain cases to be indicated later, the spectrum was simplified by fitting a polynomial (order � 7) to the signal background and then subtracting that smooth function from the data. Throughout, we adopt the convention that normal bias exists when the aluminum electrode is negative. If the top metal is relatively negative, we identify this as reverse bias.
Calculations
All calculations were performed using the commercial program Gaussian 03. All reported results are based on DFT calculations using the B3LYP functional. The basis for most of the systems studied was 6-311++ for C, H, and N, and 6-311+(2d,p) for the metal ions. For the metal free sulfonate, the 6-31+(d,p) basis was used. Ionization potentials and electron affinities were determined by computing the energy differences between initial molecule and the appropriate ionized species, usually in the computed equilibrium geometry of the gas-phase parent molecule (vertical IP and EA). The difference between vertical and relaxed electron affinities is small for phthalocyanines, typically one to two orders of magnitude smaller than the calculated affinity. For example, for CuPc the relaxed ion is calculated to be 0.242 eV more stable than the vertical ionized one. For CoPc the calculated difference is less than 0.1 eV. These small changes are likely due to the rigidity of the Pc ring and the extent of delocalization of the added electron. Solution-phase IP and EA values were determined using the PCM (Polarizable Continuum Model) [32, 33] method with the Gaussian 03 parameters for acetonitrile.
RESULTS AND DISCUSSION
Electron tunneling is a particularly useful probe for measuring electron affinities and ionization potentials of molecular systems because it is easy to control the rate of flow and the energy of electrons used. An electrontunneling device, M-I-M tunnel diode [34] [35] [36] [37] [38] and the corresponding features of a STM [25, [39] [40] [41] [42] [43] [44] [45] are depicted in Fig. 2 . Both devices rely on the same physics. Within the conductors (metal electrodes in the M-I-M′ case, substrate and atomically sharp tip in the STM case) the electrons are in classically allowed regions I and III. In these regions, their total energy E is greater than their potential energy. However, the potential is greater than E in the gap between conductors (the insulator in the M-I-M case, the vacuum or solvent gap in the STM case), region II in Fig. 2 . This region is classically forbidden, but quantum-mechanically allowed.
In our M-I-M′ devices, the adsorbate is deposited onto a native oxide surface of an aluminum base metal (M) and then covered with Pb metal (M′). Lead is usually employed as the top electrode because it can be deposited at low temperatures (<300 °C) and generally does not react with the adsorbate [26, 38] . In a STM, the molecule of interest is placed directly onto a metal substrate such as gold or HOPG. In the case of STM based spectroscopy, it is possible to set up precisely controlled regions of a single molecule through which the electrons must tunnel. In both junction configurations, IETS or STM, adsorbate molecules can be considered to be in electronic equilibrium with one metal electrode (lead in a tunnel diode and the substrate in a STM sample) because a relatively large insulating gap separates it from the other electrode. When the bias across the M-I-M′ junction, or the sample-tip gap in a STM, is such that the Fermi surface of the opposite electrode (tip in STM) matches the energy of a vacant molecular orbital in the adsorbate layer, a large increase in conductance occurs due to orbital-mediated electron transfer. In the opposite bias, any orbital-mediated process involves occupied orbitals [25, 43] .
Complicating spectral interpretation is the fact that inelastic excitations show themselves as peaks in (d  2 I/  dV 2 )/(dI/dV), the so-called normalized tunneling intensity or NTI, while orbital mediated tunneling transitions appear as peaks in dI/dV [46] . Because M-I-M′ tunneling data is historically focused on inelastic processes, diode based tunneling spectra are reported as NTI, irrespective of their nature (elastic vs. inelastic). Elastic tunneling spectra (including OMTS) are reported as dI/ dV. Moreover, the use of NTI in IETS is more than simply convention -the rapidly varying baselines associated with the M-I-M′ structure makes this type of measurement essential for data recovery. To complicate matters further, this voltage dependent baseline in diode IETS conventionally is removed in a rather arbitrary manner. Fortunately, it has been demonstrated that, the error in choosing the maximum in the NTI as the maximum in the density of states associated with an OMT process is approximately the half width at half height of the NTI band independent of the baseline chosen [46] . Thus, OMTS bands are identified as one half width above the apparent maximum in NTI, but at the apparent maximum in STM based dI/dV measurements. Finally, it should be noted that the OMT of adsorbates trapped in tunnel diodes samples 10 9 molecules, while OMT measurement in a STM environment requires only a single molecule.
In Fig. 3 , we compare tunneling spectra obtained from derivatized copper phthalocyanines incorporated into Al-AlO x -Pb tunnel diodes with scanning tunneling spectra of a free base phthalocyanine and of CoPc, both -1 if U and E are in electron volts and d is in Angstroms. y 0 is the wavefunction of the incident electron and y d is the wavefunction after transmission through the barrier. I is the measured tunneling current, V is the applied bias, and M and M′ are the electrode metals deposited on Au(111). The IET spectra are shifted by -1.00 eV relative to the STS to account for the difference in the work function between the Au(111) substrate (5.3 eV [47] ) and that of lead (4.3 eV). Let us first review the spectroscopic data presented in the figure. In addition to a very intense broad OMTS electron affinity bands (p* LUMO), in the vicinity of 4.0 V relative to the vacuum level in the IETS, there also appear several sharp weaker bands spanning the range of -0.5 to +0.5 V bias (top scale) which can be attributed to a manifold of vibrational states.
A relatively strong feature present in all three IET spectra at approximately -1.2 V bias (top scale) is an electronic singlet to triplet excitation of the chromophore. This transition is spin-forbidden in photon spectroscopy. Note that elastic tunneling bands depend upon the absolute energy of the molecular states (lower axis), while inelastic tunneling bands only depend upon energy differences (upper axis). The STM based elastic tunneling spectrum (dI/dV) of CoPc shows several OMT bands. These include ionization from the Pc ring HOMO at 5.8 eV, ionization from the d z 2 orbital near 5.5 eV, and the first affinity level at 3.7 eV relative to the vacuum level [48] . The STM based elastic tunneling spectrum of TSPc (Fig. 3) shows an intense peak at 3.98 eV relative to vacuum level that is attributed to tunneling mediated by the LUMO of the Pc ring. The intense peak (or shoulder) near 6.5 eV relative to vacuum level we attribute to HOMO-1 and HOMO-2 (a nearly degenerate pair) [31] . We could not measure the occupied states of the phthalocyanines imbedded in tunnel diodes because of the limiting value of the work function of the lead electrode and the lack of stability of tunnel junctions below -2.0 V bias. The electron affinity values derived from Fig. 3 are summarized in Table 1 using data from several sources, including the electrochemical literature and our calculations [49] [50] [51] .
Note that in the Al-AlOx-Pb environment the presence of different substituents on the Pc ring [i.e. sulfonate (electron withdrawing group) vs. butoxy (electron donating group) vs. no substituents] has little effect on the EA that centers around 3.7 eV for all the compounds in Table 1 . This shifts in the EA values for all of the forms of Pc thin layers supported on metals is relatively tiny (3.7 ± 0.2 eV) compared with the calculated gas phase electron affinities (Table 1) for these compounds. The vapor phase computed EAs range over more than 2 eV. Note, that this gas phase variation is almost entirely related to the overall molecular potential since the LUMO-HOMO difference is essentially unchanged with changes in substituent. In addition to having different molecular structures these chromophores also, exhibit different surface structures. Monolayers and submonolayers of vapor deposited CuPc [30] on Au(111), as well as other metallophthalocyanines (CoPc, ZnPc, NiPc, and FePc) [25, 30] all form beautiful close packed 2D structures where the molecules lie flat on the substrate surface. TSPc [31, 53] , CuTSPc [52] , and pCuPc(OBu) 8 [28, 29] on the other hand, all form cofacially packed Pc assemblies facilitated by strong p-p interaction between the adjacent chromophores. In highly acidic solutions, TSPc exhibits coherent columnar architecture with the phthalocyanine macrocycle planes aligned parallel to the substrate surface forming stacks [31, 53] , while the Pc chromophores in pCuPc(OBu) 8 [28, 29] and CuTSPc [52] are aligned nearly vertical to the surface normal [28, 29] . The detailed analysis of the Pc structures was reported by us in other publications and will not be presented here [28, 29, 31, 53] . For reference, in Figs 4 and 5, we provide scanning probe microscopy images of the Pc adsorbates on solid supports along with cartoon models of their proposed surface structure. In the case of TSPc it is recognized that the tunneling current observed must pass through strongly p-p coupled phthalocyanine assemblies. Since the LUMO of the phthalocyanines is mainly due to the macrocycles' affinity states, the cofacially stacked configuration is expected to result in the highest degree -4 M CuTSPc in DMSO also on mica. Each figure contains an inset of a higher resolution image 500 nm � 500 nm in size. The Pc film height in the LB and the CuTSPc films is ~1.2 nm which is consistent with the a Pc rings stacking at an angle relative to the surface normal [28, 29, 52] as depicted in a model drawn below the images of overlap between LUMO's on adjacent molecules and facilitate efficient electron transport. Thus, the throughspace electronic interactions between Pc rings within the linear array of cofacial oligomers may be the origin of the increased energy of the LUMO in the TSPc aggregate relative to the LUMO of the CuPc molecular monolayer that has no such interactions.
We also considered the influence of the metal in the macrocycle core on EA. Figures 6 and 7 [54, 55] . Moreover, the image of monolayer and multilayer CoPc is well known to reflect mixing between the metal substrate and cobalt ion half-filled d z2 orbital [56] . Mixing of metal orbitals and LUMO, when combined with the known Co-Au interaction of the adsorbed CoPc, may results in shifting the LUMO tunneling energy. In the absence of this mixing of the filled d z2 orbitals of copper and zinc ions with Au states, the LUMO tunneling energies may be less unaffected.
Experimental solution phase EAs based on reduction potentials are given for comparison in Table 1 and were obtained by equating the reference SCE potential to 4.71 eV relative to the vacuum level [24, 25] . Table 1 lists the measured values of the first electron affinity (EA 1 OMTS ) determined for a monolayers and aggregates of the phthalocyanines. Also given in Table 1 are the calculated solution (acetonitrile) and gas phase electron affinities, and the calculated HOMO-LUMO gap.
In the past, we have demonstrated that the ionization potentials and electron affinities for thin films on metal substrates are often closer in energy to values associated with solution-phase redox chemistry than they are to gas-phase values [25] . It has been previously noted that electron affinities (or ionization energies) and reduction (or oxidation) potentials in solution and in the solid state can differ from the gas-phase values by as much as 2 eV [25, 57, 58] . Redox potentials in the solid state are also expected to differ from those in solution. Moreover, there will be shifts in the potentials of a thin film, relative to that of a solid, due to interactions with the metal support and counter electrode, including image-charge effects. There may be an opposite signed shift, due to the absence of a covering layer of adsorbed molecules [59] . Another complication is the fact that electrochemical potentials are equilibrium values, and therefore reflect the energy associated with the formation of an ion in its equilibrium geometry. OMTS transitions, as discussed above, may occur so rapidly, that the ion is formed in an excited state -a vertical transition in the FranckCondon sense. For a wide range of materials and film thickness (sub-monolayer to about 1 nm) studied to date, a fortuitous cancellation of polarization terms and differences between vertical and equilibrium affinities has resulted in many OMTS bands laying close to the positions predicted from electrochemistry. This correlation is especially good for unoccupied orbitals. OMTS bands associated with occupied orbitals generally lay deeper than predicted by solution phase Spectra were collected at 4 K electrochemical oxidation potentials, and closer to the gas-phase ionization potentials.
The near transferability of electrochemical values to thin film band positions for affinity levels, but not ionization levels, indicates that the polarization energy terms differ for these processes. This is a failure in the use of a simple model where it was assumed that only the sign of the polarization energy changed [25] . This failure is particularly large for porphyrins [13, 25] where ionization energies measured from a thin film are nearly identical to those reported from the gas phase [60] . These discrepancies also occur with UPS observations (which agree with the OMTS), suggesting that the problem is in the model, not the technique.
CONCLUSION
We presented measurements of the unoccupied molecular orbital energies of different phthalocyanines using OMTS. Unsubstituted, alkylated, and sulfonated metal phthalocyanines adsorbed as single molecules or aggregates on gold substrates and imbedded in aluminum-aluminum oxide-lead (Al-AlO x -Pb) devices were employed. We demonstrated that the behavior of the lowest unoccupied orbital energies of the Pc derivatives depend only weakly on their surface aggregation morphology and the metal ion present in the Pc core with the exception of Co(II). The LUMO in the d 7 system shifts to higher energy relative to EAs of the d 9 and d 10 systems. This difference may be attributed to more significant coupling of the metal ion and p MOs in CoPc and the metal substrate surface states. The cofacial stacking configuration of the MTSPc and CuPc(OBu) 8 aggregates resulted in a high degree of overlap between LUMO's on adjacent molecules and facilitates efficient electron transport -giving rise to an intense tunneling signal.
The electron affinities of the phthalocyanines obtained from the tunneling spectra were compared with their LUMO energies in the gas phase (calculated) and the electrochemical potentials acquired from solution phase measurements. The measured electron affinities for Pc thin films on metal substrates are closer in energy to values associated with solution-phase redox chemistry than they are to gas-phase values. OMTS measured within either an STM or an M-I-M diode can be used to determine electron affinities for single molecules and their aggregates. Gas phase calculated EA energies for molecular systems, on the other hand are not good indicators of those values on a surface.
